Due to the popularity of the World Wide Web stringent quality of service has to be exported to the wireless network devices. Additional synchronous CDUA channels for each wireless terminal are one possibility to guarantee the required quality of service. The aim of this paper is to show the significance of carejd design of spreading sequences for the system performance. Three strategies for allocating spreading sequences will be presented and compared. A lower bound on the average interference will be given. It wiN be shown which properties spreading sequences have to have so as to achieve the lower bound.
Introduction
T h e to the popularity of the World Wide Web multimedia applications Iike e-mail, web browsing, video-conferencing and e-commerce have to be supported by wireless devices. But the stringent Quality of Service (QoS) requirements of multimedia applications in terms of bandwidth, losses, delay, and delay variation (jitter) in addition to the inherent unreliability of wireless links make QoS support a notoriously difficult problem. Furthermore the QoS requirements are time variable and differ among the wireless devices.
In order to improve the QoS on the wireless link different approaches were suggested. Error correction schemes like automatic repeat request (ARQ), forward error correction (FEC), and hybrid ARQ/FFC schemes reduce the packet loss rate on the wireless link significantly. Unfortunately FFX results in a decreased bandwidth of the wireless link and we note that wireless resources are a scare resource. On the other hand ARQ schemes add a significantly increased delay variation. Both reduced throughput and increased delay variation lead to performance degradation of multimedia applications [6] .
For CDMA systems there are additional mechanisms to support QoS. In [l] a power control approach to support Frank H.P. Fitzek QoS parameters of network layer was introduced. The approach dynamically adapts signal to interference-plus-noise ratio (SINR) requirements with the power control entity. During the transmission process, the power is adjusted depending on the channel quality to achieve a required SINR, for example, if the channel becomes worse, the power level is increased to stabilize the SINR. The advantage of power control oriented QoS support is that it can easily be integrated into existing CDMA systems and supports also heterogenous QoS. There are two main problems: one is that an increased power usage will lead to a decreased SINR for other terminals within the cell. Furthermore, if the delay jitter of a higher protocol segment is exceeded once, the power control approach has no ability to xecover from the delay impact. The approach presented in [It] only limits the maximum number of retransmissions for medium access control (MAC) packets, not considering the whole transport segment and their QoS requirements. 19 seems to the authors that this scheme will not support properly QoS for higher protocol layers.
SMPTapproach
Therefore Fitzek et al.
[2] developed a Simultaneous MAC (Medium Access Control) Packet Transmission (SMPT) scheme for Multi-Code C ode-Division-MultipleAccess (MC-CDMA) environments. The SMPT scheme deliver transport layer segments with high probability within a permissible delay bound. The approach works as follows: transport segments of one information flow are divided into several MAC packets arid stored in the MACqueue. The sender starts to send the stored MAC packets sequentially over the wireless link on the initial channel. For each successfully sent MAC packet the receiver will generate an acknowledgment. This acknowledgment indicates a successful transmission and an inherent good channel state. The sender will proceed sending MAC packets. If the wireless link is prone to errors MAC packets will be corrupted and no acknowledgment will be generated anymore.
It

Figure 1. Sequential and SMPT transmission scheme with correlated emrs
A missing acknowledgment will indicate a corrupted packet and inherently also a bud channel state to the sender. In case the simplest ARQ mechanisms Send and Wuit is used, corrupted packets will be retransmitted. But as already mentioned these retransmission will lead to an increased delay for the whole transport segment, because all stored packets have to wait until required retransmissions are successful.
To overcome the described problem the SMPT approach will perform retransmissions on additional channels, while stored packets are still transmitted over the initial channel.
Since additional channels lead to a decreased SINR, these channels have to be used carefully. Particularly if the usage of parallel channels is under control of the wireless device instead of a centralized entity (e.g. base station). A centralized control lead always to a larger signaling overhead. Moreover if we consider, that wireless links exhibit not only varying bit error probabilities but also temporary outage periods, the strategy using additional channels to recover from gaps within a given transport segment will be different. In case of correlated packet errors it make not sense to switch on additional channels if the first acknowledgment is missing. We claimed in [3] to send probing packets, which also can be the last corrupted packet, on the initial channel until acknowledgments are generated and afterwards utilize the additional channels. In figure 1 the example of a sequential and a SMPT transmission approach is depicted. For ease of comparison the same error pattern is used in both transmission schemes. After a bud channel state the SMPT approach starts incrementally to use additional channels until at time point 14 the influence of the past errors are eliminated compared to the sequential case, where every packet suffer by the preceding retransmissions. In case the bounded delay can not be achieved, all packets of this transport segment are discarded from the MAC queue. The transport segment is counted as lost, but it will lead to an increased SIN'R for other wireless devices. We refer the reader to [2,3] for details.
However, the SMPT performance depends significantly on the influence of parallel chanuek. Therefore the motivation for the present paper is to show the impact of different spreading sequence allocations schemes in terms of SINR.
SMPT-based CDB& channel
We consider the K-user asynchronous SMF'T-based CDMA channel embedded in additive white Gaussian noise (AWGN), in which each user, say user k, is assigned a certain number 1 5 L h 5 L,, of signature waveforms Sk,l(t),l < I 5 L k to transmit-data on parallel (synchronous) transmission channels. The signature waveform is
where, here and hereafter, T is the inverse of the data rate, N is the processing gain, nT,(t) is the rectangular chip waveform of unitenergy of length Tc = T/N and Throughout this paper, we only consider normalized binary spreading sequences such that Such sequences can be used in BPSK modulation schemes. The set of spreading sequences associated with the k-th user is represented by
Consequently, spreading sequences used by the user k span a N-dimensional space u k that is a subspace of a N- 
where M is the length of the frames transmitted by each user and P is the power of the received signals so that it is assumed that all signals are received at the same power.
To obtain the equivalent discrete-time SMPT-based CDMA channel with the output vectors It follows from (1 1) that the set of spreading sequences is to be chosen depending on which interference term prevails. Obviously, if Vt1 << V&, then it would be reasonable to put more emphasis on the inner products of spreading sequences than on the out-of-phase peaks of their correlation functions and vice versa. Since the SMPT-based CDMA channel is a dynamic one in the: sense that not only are the delays T k , number of users or even spreading sequences variable but also the number of parallel channels, such approach would require adaptive adlocation of spreading sequences. It follows from (1 1) that S M R is also a random variable so it is necessary to consider its statistics. To ensure a certain QoS in a comrnunicaticlns system, it is customary to require that
and (maximal outage probability) 
Random sequences 5 Random subspaces
The first approach is to choose the spreading sequences randomly i.e. instead ofcare.ly a set of spreading sequences, the sequences are chosen at random from the set of all possible sequences. Sequences are changed from bit to bit so the vectors associated with each users '.jump" in the space M which is illustrated in the figure 2.1. this
The method of allocating spreading sequences presented in this section reduces the interference a little by exploiting the nels. The jdea is to is spanned by orthogonal sequences used on the synchronous channels. n u s , the interference term V;,l is equal to zero and the expected value of SINR yields about the Synchronous transmission e& user span a subspace It immediately follows from (16) that, on average, synchronous (chip and phase synchronous) components cause three times more interference than asynchronous ones, making such approach totally unsuitable for SMF'T-based CDMA systems. The only advantage of random sequences is that there i s no need for planning, design and/or adaptive allocation of spreading sequences.
which follows from (16). In comparison with the completely random sequences, the performance gain is approximately 2L6fzk-3 for large number of users and small noise power c?. Note that spreading sequences still have to change fiom symbol to symbol randomly due to the existence of other asynchronous users causing the subspaces to "jump" in the space M which is illustrated in the figure 2.II. Such random subspaces can be easily generated by means of the Hadamard matrix. It is well hown that the Kronecker product of two Hadamard matrices of the order M and N yields a Hadamard matrix of the order M . N. Thus, it is also possible to form Hadamard matrices iteratively Note that the first row and the first column of all Hadamard matrices obtained in this way are vectors of ones. Hence, everything what we need to do is to generate a random spreading sequence and multiply columns of the Hadamard matrix by the elements of the spreading sequence so that the first row becomes the generated random sequence. This approach shows how to use this additional information in a simple way in order to improve the system performance. However, since the subspaces are generated without considering the other spanned by other users, they can overlap in the sense that they interfere. Thus, refemng to overlapping, we mean the interference measured in terms of SINR such that stronger overlapping leads to smaller SINR.
Subspaces with a controlled Overlapping
Strong overlapping of subspaces discussed in the last section can result in strong, performance deterioration.
Since the synchronous term vkql is zero, it becomes clear that the overlapping is due to the asynchronous interference term V,$ which in turn depends on the sum of squared magnitudes of aperiodic cross-correlation functions given by (13). Thus, the interference cannot be completely avoided (figure 2.m) since it would require sequences with perfect aperiodic correlation functions and such sequences do not exist. However, it follows from (9) and (13) that V$ is a function of the sum of squared magnitudes of apenodic cross-correlation functions so we have j=1 p=-N+l J Note that the interference V& still depends on the sequence &k,l so it does not need to be uniformly distributed over the users. Thus, it is reasonable to consider the average interference where we have used the fact that E, IC:/(p))2 = Cp C:;: (p) . C$;f (p). The first term in square brackets characterizes correlation properties of the whole set of spreading sequences S, while the second term pertains to the correlation functions of subsets 5 ; , 1 5 k 5 K. If G 2 N, the minimum of the interference is achieved when the first term is minimized and the second one maximized at the same time. It should be noticed that sequences that maximizes the first term does not need to minimize the second and vice versa. Moreover, orthogonal subsets of sequences reduce the second term, and therefore cannot be optimal in the sense of minimizing V& . In this case, we have P#O w i t h equality iff S is a set of complementary sequences.
Conclusions
Investigations in this paper clearly show that the existence of additional synchronous channels in SMPT-based CDMA systems requires a careful choice of spreading sequences. In particular, the choice of spreading sequences at random can deteriorate the system performance drastically, making the SMPT scheme counter-productive. However, the advantage of this approach is that the demands on signaling are very minimal so a method was presented how to improve the system performance by means of random generated subspaces that are spanned by orthogonal sequences. Further improvement of the system pexformance requires more sophisticated approaches like, for instance, subspaces with controlled overlapping. The overlapping is a measure of the interference and depends on the aperiodic correlation properties of sequences. It was shown that if G 2 N, the optimal spreading sequences for SMPT whemes form a set of complementary sequences S with the constraint that the sum of aperiodic auto-correlation functions of sequences in each subset &, 1 5 k 5 K is maximized. Note that approaches investigated in the paper are bxsed on the singleuser decoder so that minimal signaling is ensured since no additional information is needed. The disadvantage is that the wireless devices have to increase the power while transmitting on additional channels. If G :s N, the solution could be to separate the users by using orlbogonal subspaces (the figure 2.w. However, such approach leads to signaling overhead since the knowledge about the spreading sequences of the other users and their delays is required.
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